Electrocardiogram changes and pharmacologie re sponses were studied in 28 cases of brain death. Cardiac activity in this condition is possibly determined by the dynamic balance between the depressant action of hy pothermia and the stimulating action of the sympathetic nervous system (without any vagai or central influence). The electrocardiographic alterations are the results of this dual influence, and are probably characteristic of this condition. In the initial stage of brain death the EGG shows J waves in the terminal part of the QRS, prolonga tion of the QT interval and the ST-T changes; in the ad vanced stages, progressive slowing of the heart rate and the depolarization and repolarization processes are ob served (manifested by gradual accentuation of the findings mentioned above); in the terminal stage dynamic Ã©lectro-cardiographie changes (among them, progressive depres sion of sinus activity, atrial fibrillation, atrioventricular and intraventricular conduction disturbances and severe ST-T changes) appear. It is possible that additional fac tors, like metabolic changes and possible myocardial damage in some instances, may have some influence on the electrocardiographic pattern. Final conclusions can not be drawn from these preliminary observations. The atropine test was found to be an efficient and simple diagnostic aid in cases of brain death.
Tâ€¢''he condition of brain death (coma depasse) was â€¢*-first described by Mollaret and Goulon in 1959.'
This is an irreversible state of unconsciousness and complete cessation of cerebral activity. The causal mechanism is the rise of the intracranial pressure above the systemic blood pressure. Cerebral blood flow gradually diminishes and eventually stops com pletely, thus causing severe cerebral anoxia and, later on, cerebral necrosis. Nevertheless, during this condition the action of the heart can continue in dependently, and without any cerebral influence, for one to seven days,2 if artificial respiration and sys temic fluid balance are maintained. Prompt diag nosis of brain death and the recognition of cardiac activity in this condition are of clinical importance, since patients in a state of brain death are consid ered to be potential donors for organ transplants.
In the literature there are no data about cardiac activity in brain death, except the observation that heart rate is completely regular in this condition.
In the present study the cardiologie aspects of brain death will be discussed. The aims of this in vestigation are as follows : ( a ) to discover the influ ence of the lack of cerebral regulation on the activity of the heart and the alternative factors operating in this condition; (b) to learn whether there is a typi- cal electrocardiographic pattern in this condition; ( c ) to evaluate the effectiveness of the atropine test3 as a diagnostic aid in these cases, and to seek other typical pharmacologie responses.
MATERIAL ANDMETHODS
Twenty-eight patients in the state of brain death were examined. Their ages were from 1 to 67 years (22 of them were below age 40) , and none of them had a history of cardiac disease. This group included 17 males and 11 fe males. Brain death was caused by cranial trauma in 19 cases, cerebral tumor in 4, and cerebral vascular accident, cerebral abscess or intoxication in the remaining 5. In almost all instances artificial respiration was carried out until the cessa tion of cardiac activity. Progressive clinical deterioration was observed in all cases, accompanied by progressive fall of body temperature, pulse and blood pressure, with values in the early stages of brain death showing only minor abnor malities in most instances ( Table 1 ) .
The state of brain death lasted 1 to 2 days in 14 cases, 3 to 5 days in 13 cases, and seven days in the last case. In 3 instances artificial respiration was stopped in the final stage of brain death, and cardiac activity continued for at least one hour afterwards. The temperature in the terminal stage was 26Â°to 32Â°C in the majority of the cases ( in the initial stage of brain death, body temperature was seldom lower than 35Â°). In 2 cases a terminal rise of temperature was observed after an initial descent.
The diagnosis of brain death was made according to accepted clinical and laboratory criteria, as follows: Fig 1 and 2 ) were as follows: ( 1 ) the appearance of an additional wave (J wave) which"envelops" the terminal part of the QRS complex and causes its broadening; (2) prolongation of the QT interval; and (3) ST-T changes (mostly non specific ), but in some instances compatible with the diagnosis of ischemia, either subendocardial or subepicardial (manifested by depression or eleva tion of the ST-T segment, respectively ). Only in one case was the EGG absolutely normal until the final stage (when rhythm and conduction disturbances appeared); the EGG in this case was recorded during treatment with metaraminol.
In all cases, the heart rate was completely regular, with no sinus arrhythmia. The changes in the heart rate during the period of brain death are reflected in Table 1 . In the initial phase the heart rate was elevated (90 to 120 beats per minute) in 9 of the 22 patients who did not receive metaraminol; in 10 â€¢Vâ€" FIGURE1. Twelve-lead ECG in Case no 28. Sinus bradycardia; tall and broad J waves "envelope" the terminal part of the QRS complexes; prolonged QT interval; depression of the ST-T segment in I, aVL, V5-6; broad and notched P waves. others the heart rate was 70 to 90 beats per minute; and in the remaining 3 cases slow heart rate (50 to 60 beats per minute) was found.
In the initial phase of brain death only minor electrocardiographic alterations were seen. As the process of brain death advanced, gradual slowing of the heart rate was observed, and the ECG showed evidence of progressive slowing of the depolariza tion and repolarization processes, manifested by broadening of the QRS complex and prolongation of the QT interval. The J waves became more and more prominent ( Fig 3A) . Only in one case was ar rhythmia observed before the final stage. In this case FIGURE 3A. Sequential ECG strips (lead 2) in case no 24. Gradual slowing of the heart rate, increase of the J waves and prolongation of the QT interval. Slight ST elevation is fol lowed by progressive depression of the ST-T segment. A-V junctional rhythm and ventricular bigeminy appeared during a transient rise of temperature accompanied by tachycardia.
In the terminal phase of brain death, dynamic electrocardiographic changes were observed during continuous ECG recording, which was done in 12 cases (Table 3 , Figs 3B and 4 to 6). The principal findings were progressive depression of sinus ac tivity, atrial fibrillation, atrioventricular and intraventricular conduction disturbances and prominent ST-T changes (marked elevation or depression of the RS-T segment, compatible with the diagnosis of subepicardial or subendocardial ischemia ). Diminu tion of the voltage was observed in the majority of the cases. Just before the end of cardiac activity, the J waves became less prominent or disappeared com pletely in 6 out of the 12 cases, concurrently with diminution of the voltage, elevation or depression of the ST-T segment (merging with the J wave) or alterations in the shape of the QRS complex. Cardiac activity terminated by atrial fibrillation with no ven tricular complexes in four instances, by P waves of low frequency with no ventricular complexes in one, by extreme sinus bradycardia in two cases, by isolated ventricular complexes of undefined origin in three, and by ventricular fibrillation in one case (Table 4 ). In the 12th case the termination of car diac activity was not recorded (the ECG showed gradual depression of sinus activity and, later on, cardiac standstill ). In most of the cases injection of 2 mg of atropine sulphate intravenously did not alter the heart rate at all. Only in four cases slight acceleration of the pulse (4 to 10 percent) was notedâ€"but three of them were treated with metaraminol, and thus it is doubtful whether the acceleration of the pulse can be attributed to the effect of the atropine. Isoproterenol, on the other hand, always caused marked acceleration of the heart rate and tem porary disappearance of the J waves ( Fig 7 ) .
During treatment with metaraminol temporary regression of the electrocardiographic abnormalities FIGURE3B. Sequential ECG strips (lead 2) in Case no 24â€"terminal stage. Sinus rhythm (with first degree A-V block and Supraventricular premature beats) is fol lowed by atrial fibrillation, with progres sive depression of atrioventricular con duction.
II i -i J. _ , was observed together with acceleration of the heart rate. Two out of the four cases in which no J waves were seen in the EGG received metaraminol infu sion (one of them was the only case in which the EGG was found to be normal ). In several instances the J wave became less prominent during meta raminol infusion. Four out of the seven patients who survived for a longer period (four to seven days) in a state of brain death, were treated with metaraminol. The average period of cardiac activ ity in this condition was 3.8 days in patients who received metaraminol and 2.5 days in patients who did not receive this drug. Injection of propranolol (2 mg IV) was done in 15 patients, in some of them repeatedly during the brain death state. The response was found to be dependent on the initial heart rate at the time of performance of the test: if propranolol was injected when the heart rate was relatively fast, slowing was noticed in all instances (usually 10 to 15 percent of the basal rate). If the injection was given when bradycardia was present, only a very slight influence from propranolol was observed, ie further slowing of no more than one to three beats per minute. Re peated injection of propranolol after acceleration of the pulse by isoproterenol, caused significant de crease in the pulse rate.
Postmortem examination of the heart was carried out in 12 cases. In six, there were no pathologic findings. In five, subendocardial hemorrhages were found. In three of these five cases no ischÃ©mie-changes were found, but in the other two the EGG showed ST-T changes compatible with subendo cardial ischemia ( in one of them elevation of the ST-T segment preceded the depression). In the 12th case subepicardial hemorrhages were found (the EGG showed depression of the ST-T segment ).
Postmortem examination of the brain revealed ( as could be expected) severe cerebral edema in cases that survived only a short period, and complete necrosis in cases where the state of brain death lasted for a longer period ( five to seven days ).
DISCUSSION
The state of brain death constitutes a terminal stage of severe intracranial lesions, and is manifested FIGURE7. The effect of isoproterenol on the EGG. Top: Before injection of 1 mg isoproterenol IV. Bottom: One minute af ter injection. The EGG shows marked ac celeration of the heart rate and disap pearance of the J waves.
by complete cessation of cerebral activity.1-4-13 From the cardiologie point of view it is a unique condition: cardiac activity continues independently for a certain, period, in spite of the cessation of cerebral control. The state of brain death differs from all other comatose states, where cerebral in fluence does not stop completely and permanently. Conditions like barbiturate poisoning,24 deep hypo thermia,4-23 and encephalitis25 may resemble brain death clinically (flat EEC may be encountered in these conditions as well), but unlike brain death they may be reversible). The state of brain death differs from experimental conditions like complete disruption of the cervical spinal cord ( in which there exists a strong vagai influence) or an isolated heart in physiologic solution, whose independent action, devoid of nervous influences, has been demonstrated not only in lower species but also in mammals. 26 In the initial period after heart transplantation there is also independent cardiac activity, with no nervous influences.27 From the point of view of cardiac activity, the condition of brain death can be com pared only to the experimental condition of disrup tion of the cervical spinal cord together with bi lateral vagotomy.
Usually, cardiac activity is determined by the dynamic balance between the two constituents of the autonomie nervous system : the parasympathetic system, affecting mainly the S-A node, the atrial musculature, and the A-V node; and the sympathetic nervous system, the fibers of which leave the dorsal spinal cord, pass through the cervical and the upper dorsal paravertebral ganglia, and terminate in the peripheral beta-receptors that are scattered in all cardiac chambers. The activity of both constituents of the autonomie nervous system is regulated by high hypothalamic centers. In cases of brain death there is a complete cessation of vagai activity, as the nucleus of the nerve, which is located in the medul la, dies. On the other hand, the nuclei operating the sympathetic nervous system (which are located in the spinal cord ) survive. The effect of upper cortical centers on both systems stops completely. Therefore it is reasonable to assume that cardiac activity in cases of brain death is determined by the sym pathetic nervous system alone and without cerebral regulation. It is to be noted that the existence of spinal reflex circuits without any central influence has lately been demonstrated. 28 One might expect that the changing autonomie balance due to the cessation of the vagai decelerat ing effect, would cause tachycardia. However, in the cases presented here, tachycardia was observed only in the initial phase of brain death, and in less than half of the cases only; later on, slowing of the heart rate was noted ( Table 1 ) ; moreover, electrocardiographic changes manifesting slower depolariza tion and repolarization were observed (Table 2) . Therefore it can be assumed that there are additional factors whose influence counteracts the sympathetic nervous system.
A survey of EGG tracings reported in cases of hypothermia20"23-29"38 discloses a striking resem blance to the electrocardiographic changes that were found in the cases presented here. The elec trocardiographic finding which is considered to be the most typical feature of hypothermia is the J wave or Osbom wave,29-30which "envelops" the terminal part of the QRS complex and broadens it (Fig 1, 3A and 6 ). The origin of the J wave is not clear; generally it is considered to be a sign of late ventricular depolarization,29 but some investigators regard it as a sign of early repolarization.35 It has been postulated that the delay in depolarization is found in a part of the conduction system that is most sensitive to cold, probably at the base of the interventricular septum, or the last portion of the ven tricle to be depolarized.39-40 Other common elec trocardiographic findings in hypothermia ( that will disappear as temperature rises) are progressive bradycardia, prolonged PR interval, broad QRS complex, prolonged QT interval and ST-T changes. Atrial fibrillation is common as temperature falls. Electrocardiographic alterations are probably caused by a direct myocardial effect of hypothermia.
In almost all the cases presented here, hypother-mia in the range of 35 to 26Â°C was found. The only cases wherein J waves and prolongation of the QT interval were not observed were those in which the body temperature was comparatively high (above 34Â°C). In two cases the J wave dis appeared when high temperature superceded hypo thermia. Therefore, it is reasonable to assume that hypothermia plays a role in causing the electrocardiographic changes in brain death. There are, how ever, some differences between the electrocardiographic findings in both conditions: in hypothermia the slowing process affects all aforementioned parameters. In the cases presented here, slowing of the heart rate was observed only in advanced stages of brain death and sometimes only in the terminal phase; PR interval was normal almost in all cases and broadening of the QRS involved only the ter minal part ( except that in the terminal stage general broadening of the complexes was sometimes seen). These differences suggest that in cases of brain death cardiac activity is determined by the inter action between two contradictory influences: a stimulating effect which ( as mentioned above ) may be attributed to the sympathetic nervous system, and a depressant action which may be attributed to hypothermia. As the process of brain death ad vances, the balance changes toward the depressant action. ST-T changes (mostly nonspecific, but sometimes attributable to ischemia ) were common in the cases presented here. These changes are probably influ enced by metabolic changes taking place in this serious condition. Electrocardiographic alterations in cases of intracranial lesions were broadly re viewed by Abildskov et al. 41 The most common alterations were ST-T changes ( either nonspecific or "ischemie" ), prolongation of QT interval, prominent U waves, giant T waves and bradycardia. These findings resemble only in part the EGG changes described in the present study. In the literature there is recorded only a single description of EGG changes simulating hypothermia, in a case of subarachnoid hemorrhage without hypothermia.42 Such changes are attributed to hypothalamic involvement and not to a direct myocardial effect.
The sequence of electrocardiographic changes in the state of brain death as described in the present survey, seems to be characteristic of this condition, but further investigations are required in order to determine their specificity. The mechanism of atropine action is effected by blocking vagai influ ences on the heart (mainly on the S-A node). In cases of brain death there is no vagai influence; therefore, no action by atropine can be expected. This will explain the lack of acceleration of the heart rate after atropine injection in our investigation of these cases. In other comatose states, even deep ones but without brain death, the activity of the brainstem centers persists and acceleration of the heart rate does take place after atropine injection. It is this phenomenon which distinguishes the state of brain death from other comatose states; thus the atropine test proves an efficient and simple diagnostic means to determine brain death, although additional criteria are required, of course. The response to isoproterenol in our investigation (Fig 7) suggests that the beta-receptors are intact in this condition. Nevertheless, propranolol caused significant de crease of the heart rate only in half of the cases in which this test was performed; in the presence of slow heart rate, only a slight response was observed. This observation may possibly be explained by a relatively decreased sympathetic tone.
CONCLUSION
By means of artificial respiration and infusions of fluids and drugs these patients can be kept alive, but, according to the results of the present study and the literature,2 none can survive for more than a week. In 5 out of our 11 cases in which the termination of cardiac activity was demonstrated by continuous electrocardiographic monitoring (Table 4) , atrial activity continued after the complete cessation of ventricular complexes (Fig 4) . The remarkable atrial viability is a well known experimental obser vation demonstrated in animals: after the heart was removed from the body, atrial contraction was the last activity, right atrial activity lasting longer than that of the left. 28 The severe ST-T changes observed mainly in the terminal stage, raise the question of possible concur rent myocardial damage. In this connection it is interesting to note that the postmortem examination of the heart, performed in 12 cases, revealed subendocardial hemorrhages in five cases, and subepicardial hemorrhages in one case.
The finding of subendocardial and subepicardial hemorrhages in postmortem examinations is non specific and may be seen in various anoxic states,43 but such hemorrhages may possibly cause electro cardiographic changes. In the present survey, in three out of six cases in which such hemorrhages were observed in postmortem examination, no ischemie changes were found in the EGG. On the other hand, in some cases with "ischemie" changes in the EGG, there were no cardiac abnormalities in the post mortem examination. These findings may indicate that in the above named cases there is only a limited correlation between myocardial lesions and ST-T changes, even when segmental shifts are prominent. The question of a possible relation between some of the electrocardiographic alterations in the state of brain death and the occurrence of organic cardiaclesions still awaits elucidation.
Only preliminary observations and assumptions are presented in this article. Many physiologic, pharmacologie and pathologic problems relating to the phenomenon of brain death still require clar ification. Early resolution of these problems is de sirable, since patients in the state of brain death are potential donors of organs for transplantation.
